To study the magnetic dynamics of superparamagnetic nanoparticles we use scanning probe relaxometry and dephasing of the nitrogen-vacancy (NV) center in diamond, characterizing the spin-noise of a single 10-nm magnetite particle. Additionally, we show the anisotropy of the NV sensitivity's dependence on the applied decoherence measurement method. By comparing the change in relaxation (T1) and dephasing (T2) time in the NV center when scanning a nanoparticle over it, we are able to extract the nanoparticle's diameter and distance from the NV center using an Ornstein-Uhlenbeck model for the nanoparticle's fluctuations. This scanning-probe technique can be used in the future to characterize different spin label substitutes for both medical applications and basic magnetic nanoparticle behavior.
Magnetic nanomaterials such as magnetic nanoparticles and single molecule magnets (SMM) are of high interest, not only for their applications in basic research, e.g. as interface between classical and quantum physics (SMMs 1 ), but also for applications in life sciences. In medicine, chelates of Gd 3+ ions are already being used as a contrast agent in magnetic resonance imaging (MRI) on a daily basis. Superparamagnetic and magnetic nanoparticles are discussed as an alternative contrast agent and extensive research work is conducted in the field of particle-aided tumor hyperthermia. 2, 3 Hence, the characterization of magnetic behavior on the nanoscale is of major interest. This can be addressed by several established technologies such as superconducting quantum interference device (SQUID) magnetometry. Often these techniques depend on ensemble measurements due to a large detection volume and thus suffer from averaging effects. Novel scanning-probe SQUIDs were demonstrated with loop-diameters as low as 50 nm, 4 giving higher spatial resolution and 3 retaining high magnetic field sensitivity. However, both SQUID magnetometry and other state-ofthe-art techniques 5 require cryogenics, which imposes a limitation on the range of observable dynamics.
Magnetic force microscopy (MFM) with a resolution of a few tens of nm and working in ambient conditions is not able to resolve dynamics of the sample, since high frequency (> MHz) components are averaged out by the phase-locked loop (PLL) or phase-detection, a vital part of that measurement technique. In addition, the magnetic back-action on the sample can be rather large thus distorting the results. 6 Fast measurement schemes such as x-ray magnetic circular dichroism (XMCD) can monitor dynamics to a certain degree but are quite challenging from a technical point of view and again are limited in resolution. 7 Optically read-out single electron spins were proposed as new scanning probe magnetometers to overcome these limitations. 8 Specifically, the nitrogen-vacancy center (NV center) in diamond featuring high sensitivity in a wide frequency range has proven to be a suitable candidate. Imaging was realized from DC magnetic fields [9] [10] [11] up to nuclear magnetic spin noise in the MHz regime [12] [13] [14] using protocols developed in Ref. 15 . Even frequencies in the GHz regime are accessible for imaging, as has been demonstrated in a wide-field setup 16 and recently in a scanning probe approach 17 . In both instances, ensembles of gadolinium ions, which produce wide-band magnetic noise up to 13 GHz, were imaged. In a recent experiment, gadolinium-containing molecules were localized on a diamond substrate and then a single molecule's magnetic noise was shown to inhibit the NV center's relaxation time. 18 The NV center has also been used to investigate superparamagnetic particles via spectroscopy, most prominently in the form of ferritin molecules 19 . Recently, it was successfully employed to study their temperature dependent dynamics 20 .
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Here we use a single NV center as a scanning probe to image superparamagnetic magnetite nanoparticles both via relaxometry (T1) and dephasing (T2) contrast. We are able to extract properties such as the particle's diameter and its distance from the NV center, by fitting the measured data with a model that is based on an Ornstein-Uhlenbeck process to describe the dynamics of the particle's magnetization. In addition, we show that relaxometry and dephasing microscopy not only measures magnetic field fluctuations at different frequencies but also along different spatial directions.
The experimental setup is based on a commercial atomic force microscope (AFM) working under ambient conditions and a bulk (100) diamond containing shallow NV centers approximately 5 nm below the surface as shown in Fig. 1a . In all measurements a constant magnetic field of 13 mT was applied, aligned in the direction of the NV axis. The sample is attached to the AFM cantilever, and scanned in contact mode over the diamond surface above an individual NV center.
This arrangement is conceptually equivalent 14 to an NV center being fixed to a scanning probe tip as is commonly used for imaging of DC magnetic fields 9, 21 . Here, the sample is made of superparamagnetic magnetite nanoparticles (diameter: 8±3 nm, see Supp. Inf.) diluted in sodium silicate, which serves both as a matrix to firmly attach the particles to the cantilever and also as a spacer to keep them separated from each other. To spatially image the particles' characteristic magnetic field fluctuations we use the fact that they induce additional decoherence to the NV center's ground state spin polarization ⃗ . 16, 22, 23 This results in a decrease of the longitudinal (T1relaxometry) and transversal (T2-dephasing) spin lifetimes. The NV spin polarization can be analyzed by using the Sz projection (here parallel to the NV center's symmetry axis) and its direct correlation with the fluorescence intensity of the NV center. Comparing relaxometry with dephasing images, a slight deviation of the nanoparticle image from circular symmetry is visible. We observe a small elongation horizontally in the relaxation (T1) image, whereas its orientation is vertical for the dephasing (T2) measurement method. This is due to the anisotropic nature of the measurement methods detecting either the transverse ( ⊥ ) or the longitudinal fluctuations ( ∥ ) with respect to the NV axis. As the NV axis is tilted with respect to the (100) surface orientation this translates into slight asymmetries of the particles image. From magnetic field alignment measurements (see Supp. Inf.) we know that the projection of the NV axis onto the scanning plane is oriented vertically in the images of Fig.3 . This is in full agreement with the above observations since for T1 relaxometry the NV center is more sensitive to magnetic field noise in the direction perpendicular to the NV axis. Correspondingly, T2 images are more influenced by noise components in the direction along the NV axis. For modelling, we assume a spherical, superparamagnetic particle of arbitrary size, material and position relative to the NV center (see Supp. Inf. for particle size characterization). To yield maps of T1 and T2 times as a function of the nanoparticle's position, we modeled the magnetic field fluctuations and fitted a simulation of the resulting NV center decoherence to the acquired images.
Instead of calculating decoherence for a large number of values, this allows us to use few  values and yet obtain the full decoherence map. The calculation reveals further insight into characteristics of our sample, e.g. the diameter of the particles.
For shallow implanted NV centers the respective decoherence rate, Γ = 1 ⁄ , can be divided into two parts and written as
The intrinsic decay rate Γ is attributed to decoherence sources in the diamond lattice such as 13 C isotopes and is considered constant for a given NV center. 
Here,  is the gyromagnetic ratio of the NV center, 〈 2 〉 the second moment of the magnetic field, ( , , ) the power spectral density and ( ) describes the filter function of the applied microwave pulse scheme, with being the frequency, the temperature and the anisotropy energy barrier.
The superparamagnetic particle at room-temperature is modeled as a sphere made up of magnetic moments ⃗ , pointing in the same direction, which can be translated into a material dependent magnetic moment density ⃗ ⃗⃗ . Assuming a net magnetic moment of 4 μB per formula unit (Fe3O4)
as is typically calculated for magnetite and taking the density of magnetite to be 5.175 g/cm 3 , this magnetic moment density turns out to be 5.4·10 28 μB/m 3 . 25 Integration over the particle's volume yields the total magnetic field ⃗⃗ = ⃗ ⃗⃗ 0 4 3 (− sin cos , − cos sin , −2 cos ),
depending on the distance from the particle and the orientation of the particles magnetization given by ( , ). The applied measurement method defines whether the measurement is sensitive to noise parallel to the NV axis ∥ (T2 measurement) or perpendicular to the NV axis ⊥ (T1 measurement). Integration over all possible orientations of the particle's magnetization finally yields the second moment: Here again is the particle's volume and the thermal energy. The inverse attempt frequency 0 is not very well known and ranges from 10 −9 to 10 −13 s 29, 30 . The anisotropy constant for bulk material also has a quite wide range, e.g. 10−41 kJ m -3 for magnetite 2, 31 .
The filter function ( ) is defined by the applied measurement method, such as T1 relaxometry 16 or spin echo (SE) spectroscopy 22 . The filter function for T1 relaxometry is given by: 20 
The combination of formulae (1)-(9) allows for the simulation of the NV center's decoherence rate under the influence of a nanoparticle.
Next, we fitted this simulation to the obtained fluorescence contrast images (Figs. 3a-e) with the free parameters minimum vertical distance, z, between the particle and the NV center and the particle radius, r, to match all five images at once. Values for the inverse attempt frequency , and b,) . We also estimated the maximal values for the second moments of the magnetic field, 〈 ⊥ 2 〉 and 〈 ∥ 2 〉, that were measured within the dynamic range of the T1 and T2 measurements for the extracted distance between the NV center and the nanoparticle. These values were calculated excluding the artifact points where T1 and T2 are too short to quantify. The values are: 〈 ⊥ 2 〉 = 8.8 2 and 〈 ∥ 2 〉 = 1.8 2 .
In summary, we have demonstrated combined nanoscale relaxometry and dephasing imaging of magnetite nanoparticles under ambient conditions. We probe the magnetic particles' magnetic field fluctuation at two different frequency ranges while scanning the sample, which provides firm 
